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FREE-I’IXGE3!MEASUREMDWSOF THEZERO-LIFTDRAGOF SEVERAL

WINGSAT MACH

By H.

NUMBERSFROM1.4 TO 3.8

HerbertJackson

SUMMARY‘

The zero-liftdrsgof severslwingsof current
obtainedat supersonicMachnumbersfrom1.4to 3.8
rocket-propelledmodels. ThewingstestedweresXL
area,mountedon the samebasicbodyconfiguration,
swept,taperedwingof 5-percenthexagonalsection,

interesthasbeen
in freeflightwith
of the sameexposed
andconsistedof a
a swept,taperedwing

withI?ACA65AO04airfoilsection,~ unsweptwingwithI?ACA65AC&.5 air-
foilsection,a 600deltawingwithNACA65AO03airfoilsection,and
a @.@” dismondwingwithNACA65AO03airfoilsection.

Of thewingstested,the 3-percent-thickdeltaanddismond-s
had thelowesthag, the &ag coefficientsof thetwowingsbeingthe‘8
sameandshowingverylittlechangewithMachnuubersfrom2.4 to 3.8.
clmngingthe sectionof otherwiseidenticslswept,taperedwingsfrom
a 5-percent-thickhexsgonalsectionto sm NACA65AC@ sectionresulted
in a 50-to 25-percentreductionin dragat Machnumbersof 2.4and3.4,
respectively.Newtoni=impacttheorygavegoodapproximationsof the
pressuredragforW thewingstestedat thehighMachnunhersandfor
thewingswithbluntleadingedgeoverthe entireMachnumberrsnge.
Thepercentagesof wing-plus-interferencedragaccountedforby thepres-
suredragareapproximately70percentforthe5-percent-thickswept,
taperedslabwing,60percentforthe swept,taperedwingwithNACA65A(334
airfoilsection,75percentfortheunswept,taperedwingwithNACA
65AO04.5airfoilsection,amd53percentfor thedeltawinganddismond
wingwithNACA65A003sections.

INTRODUCTION

The increasein speedof aircrafthas showntheneedforlsrge-
scsleqerimentd. dataon thebag of wingsat highsupersonicspeeds.

. In orderto providesomeinformationin thisrsage,thePilotlessAircraft

.



2

ResearchDivisionof theIemgleyAeronautics_Wboratory
a free-flightinvestigationof thedragof severalwings
interestatMachnumbersextendingto 4.0.

NACARM L5@13

has conducted .
of current

.
Thispaperpresentsthe zero-liftdragandbase–pressureresult{

on fivewing-bodymodelsandtwowinglessmodelsin freeflightat large
Reynoldsnumbers.In orderto do awaywithanyeffectofbodysizeand
shapeon thewingdraginformation,the s~e basicbodywasusedon all
testmodels. Theexposedwingareasof thevariouswingconfigurations
investigatedalsoremainedthe ssmein orderto makethedragresults
morecomparable.

Thetestscovereda Machnumberrangefrom1.4to 4.0,whichcorre-

spondsto a

lengthof 1
on themean

CD

‘%7
CD

w

c%
c%

C%iin

c%

‘b

Po

q

Reynoldsnuniberrangeof 0.5~06 to 18 x 106basedon a

footor a Reynolds
aerodynamicchords

numberrangeof 2 x 1C)6to 35 x 106based
of theexposeddn.w.

SYMBOLS

Q
dragcoefficientbasedon we

totalconfigurationdragcoefficient- ?

wing-plus-interferencedragcoefficient :.

~ pressuredragcoefficient

basedragcoefficient,- ~
%[%) e

findragcoefficientof twofinsbase&on we

bodybasepressurecoefficient,Pb-Po
Q

bodybasepressure,lb/sqft

atmosphericstaticpressure,lb/sqft

dynamicpressure,lb/sqft

.
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Mach

test

wing

number

Reynoldsnumber,basedon a lengthof 1 foot

sweepback@e, deg

aspectratio,b
I
2s

‘e

taperratio, Ct/Cr

exposedwingspsm

tip chord

rootchordatbodyjunction

pla-formareato centerlineof model,sq ft

exposedwingplan-formarea,5.556sq ft

bodyfrontalarea,sq f%

baBearea,sq ft

exposedareaof onefin,sq ft

wingthiclmess

localwingchord,stresmwise

localbodyradiusat any station,in.

distancefromstationO, in.

Subscripts:

LE leadingedge

TE trailingedge
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MODEISANDTESTS .

Thegeneralarrangementandbasicgeometryof the configurations
investigatedsregivenin figure1 andtableI. A photographof a wing-

.

lessmodelwith4 finsandonewithswept,taperedwingsmarked on the
modelis shownin figure2.

Thebasictestvehicleswere‘cylinderswithparabolicnosesof fine-
nessratio6.03andshortconicaltiterbodies.Thebodieshada total
finenessratioof 18.75,frontal.areaof 0.184squarefoot,andbase‘mea
of 0.136squsrefoot. A pitottubemeasuringbothtotal.pressureand
staticpresswe extendedfromthenoseof eachmodel.

Alltestmodelswerestabilizedby 5-percent-thick,hexagonal.,
swept,taperedtailfins,fouron themodelswithoutwings(modelsla
andlb) andtwoon themodelswithwings. Thewingstestedwereallof
the sameexposedareaandconsistedof a swept,taperedwingof ‘3-per=ent-
thickhexagonalsection(model2),a swept,taperedwingwithNACA6>AO04
section(model3),an unsweptwingwithNACA65AO04.>section(model4),
a 600deltawingwithNACA65AO03section(model5),sada 40.70°dismond
wingwithNACA65AO03section(model6). AllthewingswerelocatedaE Y
farrearwardas possibleto keepthetrimchsmgessmsllandto Znclude
themwithintheMachconeof thebodynosesothatthebcdynoseinter-
ferencewas similsrforallwings. F

Thebodiesandtestwingsof themodelswereconstructedofmagnesium
alloy,withallthewingsexceptthe swept,tapered,5-percent-thick,hex-
agonalwingbeingsolid. Considerationsof the severityof thetempera-
tureeffectsresultingfromtheflightconditionsindicatedthatthere
wouldbe no seriou~effecton thebodiesandwings.

A two-stagepropulsionsystemwas employedforallmodels,witha
varietyof first-stageboosterrocketmotors(tebleI)usedto propel
thevariousmodelsto supersonicspeeds.Forthe se~ondstage,allmodels
utilizeda 5-inch-diameterHPAGrocketmotorinstalledin the fuselage
forpropulsionto highersupersonicspeeds.Photographsof twomodels
andboosterson thelaunchersare shownin figure3. Allthemodels
werelaunchedat approximately70°fromthehorizontal.

Containedwithineachmodelwas a telemeterwhichmeasuredlongi-
tudinalacceleration,totalpressure,staticpressure,andbasepressure.
Thebasepressurewasmeasuredfromorificeslocatedas shownin figure4.

Groundinstrumentationwas slsousedto recordthemodelflightand
consistedof CW Dopplervelocimeterradsrformeasuringmodelspeed,

.

NACAmodifiedSCR584radartrackingunitformeasuringtrajectory,and
radiosondeunitsformeasuringairpressureandtemperaturefromwhich s
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speedof sound,density,viscosity,andaltitudeswereobtained.The
modelspeedsdeterminedby the CW Dopplerveloctieterweresupplemented
withspeedsdeterminedlyintegratingthemodeldecelerationswithtime
obtainedfromtelemetryof longitudinalaccelerationssmdby velocities
obtainedby theuse of totslandstaticpressures.Velocityandtotsl
dragwereobtainedfromCW Dppler radarandcorrectedforwindsaloft
as describedin reference1. Allthetestdatapresentedhereinwere
obtainedduringthe decelerationportionsof flight.

Theerrorin bag coefficientCD is estimatedto be withintO.0007
andtheerrorinMachmmiberis estimatedto be within*0.005.

Theerrorsin wing-plus-interferencedragcoefficientsobtainedby
subtractiuzfuselsxetiaRandbaseh% from~-fuseQ3e dr43~ be
somewhatl-~ger. X typi;al.setof tes;results
illustratethe continuityand scatterof data.

-TJLTS ANDDISCUSSION

GeneralDiscussion
.

Thevariationof Reynoldsnumber,basedon

is shownin figure5 to

a lengthof 1 foot,with

.

.

* Machnumberforthetestmodelsis shownin figure6. The differences
inReynoldsnunibershownfromonemodelto anotherwerecausedprharily
by thedifferentaltitudesattained.Theoverlapof thedrag-coefficient
dataformodelsla andlb, shownin figure5, indicatesne ligfbleeffect

fof thedifferencesinReynoldsnumberson thedragcoerficents. All drag
coefficientsme basedon an exposedwingareaof 5.556squme feet,the
exposedareasof allwingsbeingthe same.

Theresultsfor eachmcdelsrepresentedin figure7, whereinare
plottedthetotal~ag coefficientc% andbase-dragcoefficientsc%”
For somemcdels,thefatiedcurvesof the coefficientswereextrapolated
beyondactualdata(asshowninfig.7) in orderto obtainextendedwing-
plus-titerferencedrags. Theextrapolationswereaccomplishedby =ti-
~ining thecm?vatureof theexperimentaldata.

Shownh fi~e 8 arethe experimentallydeterminedfindragcoeffi-
cientsandthedragcoefficientforthebodyplustwofbs. l!hec-es
labeled“wing-plus-interference(finas wings)”and “2 fins”wereobtained
fromflighttestsof twofour-finwfnglessbodies(modelsla sndlb)and
of a wingedbodywithtwofins(mcdel2) havingtigs whichwerescaled-
UP versionsof thefinsandhad thesameexposedwingareaas allthe
otherwingstested. Thefindragcoefficientwas obtainedfromthe
following~ression:

~i==$
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,%b (c%-C%)winged-(c%-c%)wiQgles.= k

%. ~()—-
*%?in m

whichis validforthe casewherethewingswerescaled-upversionsof
thefinsandwheretheeffect~of Reymoldsnuniberdueto thedifferent
wingchordshasbeenneglected.,Actua.lly,theReymoldsnumberdiffer-
enceswouldcause
interferencedrag
interferencedrag

verylittleerrorin theresultingwing-plus-
coefficients.Forthegeneralcase,thewing-plus-
is givenby

Comparisonof SweptjUnswept,Delta,andDiamondWingS

Thetotal-dragcoefficientsandcorrespondingwing-plus-interference
dragcoefficientsof themodelswithswept,taperedwings(models2
and3),unswept,taperedwings(model4),deltawings(model5),and
dismondwings(model6) arecomparedin figure9 at therespectivefli@ r
testReynoldsnumbers.As shownin thefigure,the3-percent-thickdelta
winganddismondwing,whichhadthelowestaspectratio(A = 2.31)and
thinnestsection,hadthelowestdragof thewingstestedoverthetest x
Machnumberrange. The slightdifferencein dragbetyeenthedeltaand _
diemondwingsat thehighMachnumbersmaybe dueto thedifferentplan
forms. Allthewingsshowa similartrendof decreasingdragcoefficient
withincreasingMachnuder overtheMach+mmiberrangeof thetests.

Presentedin figures10 to 12 arethewingpressure-plus-interference
dragcoefficientsforthetestwings,obtainedbysubtractingestimated
skin-frictiondragcoefficientsfromtheexperimentallydeterminedwing-
plus-interferencedragcoefficients.The skin-frictionbag was estimated
withtheaidof references2 and3, usingReynoldsnumbervaluesbased
on theexposedmeanaerodynamicchordsandassumingcompletelyturbulent
flow.

Shownin figure10 is theeffecton pressuredragof changingthe
airfoilsectionof a sweptwingfroma ~-percent-thickhexagonalsection
witha sharpleadingedge(model2) to an NACA65AO04airfoilsection
(model3). As indicatedin thefigure,thedragat a Machnuaiberof 2.4
of the sweptwingwitha 5-percent-thickhexagonalsectionis a little
morethantwicethatof a wingwiththe sameexposedplanformbut an
NACA65ACK)4Sectionj at Machnm?iber3.4,however,thedragof the~
with5-percWt-tblckhexagonalsectionhasreducedto 1.5timesthatof

●

a wingwithNACA65AO04section.Thepercentageof wing-plus-interference
.
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* dragaccounted
and75 percent
61.2,and66.7

7

forby thepressuredragsshownh figure10 are80,66,
forthe 5-percent-thick,hexagonal-sectionwingand55.3,
percentforthewingwithNACA65AO04airfoilsectionat

8 ~ch numbersof 2.4,3.o,and3.4,respectively.

Shownslsoin figure10 arethepressuredragcoefficientsof the
5-percent-thick,hexagonal-sectionwingandthewingwiththeNACA65AO04
sectionas obtainedby Newtonian@act theory,reference4. On compar-
isonwiththe curvespresentedin figure10, it is obsenedthatthe
impacttheoryis in somewhatbetteragreementwithe~ertmentallybased
estimatesof thepressuredragatMachnumbersof 2.0to 4.0forthe
blunt-leading-edgewingthanforthe sharp-leading-edgewingwhichgoes
onlyto M= 3.4. ~s resultis probhblydueto thefact‘thattheflow
in theregionof theleadingedgeof theNACA6~AC04airfoil,by virtue
of itsrelativebluntness,hasmorenearlythe ~racteristicsof a t~y
hypersonicflowthandoestheflowin theregionof the sharp-leading-
edgewedgeairfoil.It is not expected,of course,thatthe @act theory
shouldapplyaccuratelyat theserelativelylowMachnunibersandthe
agreementforthe sharp-leading-edgeairfoilwouldundotitedlybebetter
at somewhathigherMachnmibersthanthosepresented.

\.’ Fresentedin figurel-lis a comparisonof thepressure-plus-
interferencedragcoefficientsof theunswept,taperedwingwithNACA
65AO04.5airfoilsection(model4) withthoseformodelL2 of reference5

● (awingof the stieplanformand section).In orderto makecomparison
possible,it wasnecessarythatthe dragcoefficientsof reference5,
whicharebasedon totalwingarea)be convefiedto ~osed _ ~ea=
The agreementis not quiteas goodas woul.dbeexpected,but partof the
disagreementmay resultfromthefactthatthereferencebodyhas con-
siderablyhigherinterferencedragthsmthepresenttestvehicle.The
pressuredragshownin figure11 formodel4 accountsforappromtely
75 percentof thewing-plus-interferencedrag.

Alsoshownin figure11 is thepressuredragcoefficientforthe
NACA65AO04.>airfofiwingas obtainedbyNewtoniantheory. It iS indi-
catedthatif the experimentalcurvewas extrapolatedto Machnumber4.0,
thetheoreticaldatawouldbe in goodagreementwiththe experimental
data,evenat thisrelativelylowMachnuuiber.

Comparedin figure12 arethewingpressure-plus-interferencedrag
coefficientsof a deltawingwith Am = 600~d of a ~=nd - wfth
Am =40.870. Eath-s hadan NACA65AO03airfoilsectionandan
exposedaspectratioof 2.31. & indicatedby the figurethe drags
agreedwithinthe accuracyof thedataoverthetestl@chnumberrange

. of 2.2to 3.8. Alsopresentedin figure12,for comparisonandto extend
the deltawingdragcurvefrom M = 1.0to 3.8, arethedragdatafrom
reference6 (model11)andreference7 (model5) aftersubtractingthe.
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skin-frictiondragandbasingthedataon exposedwingarea. Theagree-
mentbetweenthepresenttestdataandthereferencedatais excellent
in viewof thefactthatthe interferenceeffectsmightbe considerably
different.It is difficult,however,tomakeany comparisonof the
diamondwingfromthepresenttestwiththatof reference8 (aftersti-
tractingthe skinfrictiopandbasingon exposedwingarea)becauseof
thewidedifferencesinMachnuniber.Thepercentageof wing-plus-
interferencedragaccountedforby theexperimentallydeterminedpressure

.

,

dragsshownin fi~e 12 are
wingat Machnmibersof 2.4,
58.4percentforthediamond
respectively.

Presentedin figure13,

45.7, 53, and61.3percentforthedelta
3.0,and3.4,respectively,and53.4and
wingat Machnumibersof 3.0and3.4,

for comparisonwiththe experimentally
determinedwingpressuredragsof thedeltawinganddiamondwing
(presentedin fig.12),ie thevariationof-pressuredragwithMach
numberas obtainedby linearizedtheory(ref.9) fora supersonicleading
edgeandby Newtoniemimpacttheory, Inasmuchas thelinearizedtheory
doesnot strictlyapplyfortheroundedleadingedges,itwasnecessary
to assumesharpleadingedgesforthewings. Thisass~tion wasmade
by usingtheaverageslopeoverthefirst5 percentof thewingchords.
Comparisonof thetheorywithfigure12 indicatesthatwhereaslinear
theorygiveslowapproximationsof thepressuredragsabove M = 2.0, w“
theNewtoniamtheorycloselyapproximatestheexperimentallydetermined
drags,evenat theserelativelylowMachnumbers.

● –

Sincemostof thetestdatawereobtainedat Machnumbersforwhich
theleadingedgesof thewingsare supersonic,no attemptwasmadeto
applytheoreticalarearulepredictionsto thewingpressurebags. Such
theoreticalpressure&ragswouldnotbe anymoreaccuratethanthose
whichwereobtainedfromthelinearizedtingtheory,becauseit is
necessaryto assumesharpleadingedgesinbothcases~ QSO~ ~ the
testspresentedherein,the interferenceeffectsbetweenthewingsand
bodieswouldbe expectedto be smallbecauseof therelativelysmall
bodyandhighMachnunibersof thetests.

In figure14 arepresentedbasepressurecoefficientsagainstMach
numberforthewinglessandwingedmodelstested.Thereappearstobe
verylittleeffectof thepresenceand shapeof thewingsonbasepres-
sureatMachntiers above2.4. The irregularitiesindicatedat the
lowerMachnumbersareno doubtdueto instrumentinaccuraciesat the
higheraltitudes.

.

Ltkflft%%”=i
.
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h

Thepresentinvestigationmadeto determinethe zero-liftdragat
. highsupersonicMachnumbersof severalwingsof currentinterestindi-

catedthefollo~:

1. The 60°deltaand 40.870diamondwingswithNACA65AO03sectio~
andaspectratioof 2.31had thelowestdragof thewingstestedover
thetestMachnumberrange.

2. Changingtheairfoilsection0$ otherwiseidenticalswept,
taperedwingsfroma 5-percent-thickhexagona-lsectionto an NACA65AO04
sectionresultedin a 50-percentreductionin wingwavedragat a Mach
nuniberof 2.4anda 25-percentreductionat a Machnumberof 3.4.

3. Netioni=impacttheorygavegoodapproximationsof thepressure
dragforallthewingstestedat thehighMachnmibersandfortheblunt-
leading-edgewingsoverthe entireMachnuniberrange.

4. Thepercentageof wing-plus-interferencebag accountedforby

i thepressuredragis approximately70 percentforthe~-percent-t~ck
swept,taperedslabwing,60 percentforthe swept,tapered~ tith
NACA65Ao04section,75 percentforthe~swept~ tapered~ ~th
NACA65AO04.5section,and53percentforthedeltawinganddiamond

● wingwithNACA65A033sections.

IaagleyAeronauticalLaboratory,
NationalAdvisoryCotitteeforAeronautics,

=ey Field,Vs.,February17,1956.
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108.75
d

5.44

—

not toscale

A= 3.00
a= 0.20

I__ 8f/SWP’=O.033— — .

.

(b)~~;~: rred slabwing(finsas wings)on basicbodywithtwofins
. (Model3 had samewingdimensionsbutNACA65A0@ airfoil

sectionsparallelto freestresm.)

Figurel.-Generalarrangementof testmodels.Basicbodywithtwofins
usedon allwingedmodels. All dimensionsare in inches.

.—
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Figure1.-

deltawing
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(model5).
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(a)Basicwinglessbody.

1-----
L-78909.1

.. .
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.. ~.— ..-+
3

_- —__

E%&=~
(b)Model3.

Figure2.-Photogyaphsof basicbodyandtypicaltinged

L-84001.1

model.



L-83986.1
(a)M~el 5 with quadrupleDeacon booster.

L-88028.1
(b) Mdel 6 with Nike booster.

Figure 3.- Typical mdel mounted for launching.
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Figure4.-Detailof basepressureorifice.All dimensions are in inches.
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(a) Models la and lb, baaic bcdy,
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Figure 7.-
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(b)Mcdel 2; swept,tapered dab wing.

Variationof total and ba8e drag coefficientswith Mach number for the test mcdels.
hag coefficientfiare based on exposedwing area of 5.556 square feet.
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(C)Model 3; swept,taperedwingtithNACL65AO@ atioil section.
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(d)Mcdel 4; um+wept, tapez=l wbg with IWm 65Aod+.5 a~oil Bection.

Fi~e 7.-Continued.
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(e) Model 5; delta wing with NACA 65A(X15airfoil section.
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(f)Mcdel 6; diamondwingwithNACA6~AcQ3airfoilsection.

Figure7.-Concluded.
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Figure 8.-De~erdnationof experinlentd fin and body drag coefficient.
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(a) Total drag coefficient.
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(b) Wing-plus-interferencedrag coefficient.

Fi~e 9.- Comparison of drag c~fficients for the winged test models.
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M two swept,tapered wings of differentairfoil section.

.8 1.0 1.2 I.b

I?igureU.- Variation of
umwept,

M

*-phs-imtmrference drag minuaca.lculatd ds.in-friction drag for ~
-tapered~ titi w NACA 6wo@.5 atiotisection.



to
m

.05

,02

CDP

.01

0

.B 1.0 1.2 lJt 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 5.2
H

5JJ 5.6 3.8 4.o L.2

Fiau_re12.- Cormarison of W_na-dua-interference dr#I rninuEcalculated skin-friction drag for a

.05

.Dz

CDP

.01

0

I

Fi~e

. I

-.
delta and &iamond wing with 65A@3 airfoil sections.

.L3 1.0 12 u. 1.6 1.8 2.0 2.2 2.L 2.6 2.8 5.0 j..? 5.4 3.6 J.L3 4.0 4.2
M

13. - Variation of theoretical W@ presswe drag coefficient with Mach number for a delta

and diamond wing with 65AO05 airfoil sections.
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Figure 14.- Conparison of base-pressure coefficients for wingless and winged test models.


